The ray method is used to compute high-frequency seismic vector wavefields in weakly attenuating layered anisotropic structures. The attenuating effects are introduced by substituting the real elastic parameters 
INTRODUCTION dominates the total attenuation of fractured rocks (O' Co
There is an increased interest in the investigation of wave propagation in fractured rocks, especially in rocks with aligned cracks (see numerous publications by Crampin and his coworkers, e.g., Crampin, 1985; 1987; Crampin et al, 1986; . Fractured rocks with aligned cracks are effectively anisotropic. If the cracks are partially saturated with liquid, intrinsic attenuation occurs due to the energy losses by the fluid flow of the viscous fluid in cracks (see, e.g., O' Connell and Budiansky, 1977; Mavco and Nur, 1979; Hudson, 1988) . The wavefield is also attenuated by scattering at cracks. This effect, however, is smaller than the effect of attenuation caused by partially saturated cracks, which nell and Budiansky, 1977). Here we do not distingui;l between intrinsic attenuation and attenuation due to scattc~l-ing and call the total effect attenuation. In anisotropic met i ;t attenuation generally depends on the wave-propagation ( -rection.
The ray method is used to compute synthetic seismograrils for weakly attenuating anisotropic structures, where t I: anisotropy and attenuation are caused by partially liqui 1 saturated cracks. In the ray method for attenuating strL,(-tures, complex rays must be considered. The assumption : f weak attenuation allows us to work with real rays rather th I I complex rays, see Kravtsov and Orlov (1990) . This cons1 : -erably simplifies the computations. In this paper the ima,.: -Introduction of imaginary parts a$ke leads, generally, to complications in ray computations. For example, instead of standard real rays, complex rays should be considered. If, however, absorption is only slight, such that a$ke + a,&, the ray computation schemes for perfectly elastic media require only minor modifications to be approximately applicable to the attenuating media.
There are several possible ways of deriving the ray formulas for weakly attenuating media (Kravtsov and Orlov, 1990 ). In the procedure adopted here, the imaginary parts of parameters a $e are formally considered to be of the order of w -i for o + m. Several authors have applied this procedure to weakly attenuating inhomogeneous isotropic media. If imaginary parts of elastic parameters a ,&[ are considered as perturbations of a $k(, they produce perturbations of traveltimes only, see Moczo et al. (1987) . We use this result as a starting point for derivation of ray formulas for weakly attenuating inhomogeneous anisotropic media to avoid lengthy derivations, similar to those made by the abovementioned authors. In this way, the ray solution of the elastodynamic equation for a weakly attenuating medium can be written as Ui(Xj, t) = Ui (Xj) exp {-io[r -TR(Xj)
Here Ui(xj) is the amplitude vector, 7R is the traveltime of the considered wave. For details, see, e.g., Gajewski and PSenCtk (1987, 1990 
where pi are components of the slowness vector of the considered wave, pi = a7R' axc and gi are components of its unit polarization vector; 7. is the initial time of the ray and 7 the arrival time Note that (3) also follows from formula for real traveltime perturbations due to perturbations of the elastic parameters of an anisotropic medium, see Cerveny where w, is a reference frequency. From (5) and (6), we immediately get an expression for the quality factor Q in a weakly attenuating anisotropic medium Q-' (m, Pn) = aLke (0) PiPtgjgk.
Thus, behavior of the quality factor is controlled by equation (7). The dependence of Q on slowness vector p,, expresses the dependence of the quality factor on the propagation direction of the considered wave. Note that for a,$[ = cu&, where c is a small arbitrary real constant, the quality factor behaves isotropically since a& satisfies the eikonal equation for perfectly elastic anisotropic media,
Ray Synthetics for Attenuating Anisotropic Media 2!1 and thus Q-' (w, p,) = c. The quality factor is, however, anisotropic in media effectively anisotropic due to aligned cracks. Corresponding complex elastic parameters for this case were derived by Hudson (1988 is the global absorption factor for an anisotropic medium. Equation (9) has exactly the same structure as for isotropic media, see Moczo et al. (1987) . Therefore, the same numerical procedures as those described in the referenced paper can be used for the computation of synthetic seismograms. Equation (9) describes causal absorption; if the third term in brackets is omitted, equation (9) would describe noncausal absorption. According to equation (10) only a simple integration along the raypath is necessary to compute the attenuating effects in weakly attenuating anisotropic media.
APPLICABILITY OF THE WEAK ATTENUATION CONCEPT
The range of applicability of the weak attenuation concept is investigated by a comparison of ray synthetics with synthetic seismograms computed with the reflectivity method (Fuchs and Miiller, 1971) . For simplicity, an isotropic model is used for this purpose as the weak attenuation concept is based on the same assumptions in isotropic and in anisotropic media (small imaginary parts of complex elastic parameters, i.e., small imaginary parts of complex velocity in the isotropic case). For reflectivity computations a program written by Sandmeier (1984 A vertically inhomogeneous model with constant velocity gradient is used for the comparison. The model consists of a layer 2 km thick. The velocity at the surface is 4 km/s and 4.5 km/s at 2 km depth (a gradient of 0.25 s-l). These velocities are specified for a reference frequency of 10 Hz. In the reflectivity computations, the velocity gradient was substituted by a stack of 0.01 km thick homogeneous layers (a total number of 200 layers). The layers were chosen so thin to obtain a good fit of traveltimes for reflectivity and ray computations. Larger layer thicknesses would result in increased traveltimes for the reflectivity method. The ratio of P-wave velocity to S-wave velocity 7~~/7~~ is dj and the density is evaluated from the P-wave velocity using the relation p = 0.2~~ + 1.7. The P-wave and S-wave quality factors, Qp and Qs, are chosen constant throughout the layer and the same for both waves. They are successively infinite (i.e., the medium is perfectly elastic), 200, 50, and 30. The comparison shown in this section demonstrates that the weak absorption concept can be applied to a substantial range of Q values encountered in exploration seismics. The value Q = 50 (limit where both reflectivity and ray method give almost identical results) corresponds to imaginary parts of complex group velocity which are 100 times smaller than real parts. Therefore, we take the condition that imaginary parts of complex group velocity must be more than 100 times smaller than real parts or the condition that the computed values of Q must be larger than 50 as a rough criterion of the applicability of the weak attenuation concept. These conditions can be checked at each point of a considered ray.
NUMERICAL EXAMPLES
In this section we present results compared for a 3-D upper crust model containing isotropic and anisotropic attenuating layers. The weak attenuation concept described above was incorporated into the program package SEI-SAN@, see Gajewski and PSenCik (1987; . For the computation of the global absorption factor for anisotropic layers, equation (10) is used. For isotropic layers this equation reduces to that given by Moczo et al. (1987) . Causal absorption is considered in all computations. For the computations of synthetic seismograms, the spectral approach including a fast frequency algorithm suggested by Cerveny (1985) was used. At each receiver, the frequency response was computed for frequencies from 0.5 to 100 Hz with a step of 0.5 Hz. The response for a receiver and a specified frequency is determined as a sum of contributions of rays corresponding to the considered waves terminating at the receiver. Once the frequency response is known, the amplitude spectrum for a seismogram is obtained by multiplication of the frequency response with the filtered spectrum of the signal. Finally a FFT is applied to construct synthetic seismograms. The magnitude of the imaginary parts of elastic parameters is mainly controlled by the kinematic viscosity of the liquid, the degree of saturation of the cracks, the frequency of the penetrating waves and the crack aspect ratio (for more details, see Hudson, 1988 ). The imaginary parts of elastic parameters of the above described models are relatively large (see, e.g., the ratio of imaginary to real part for A 1 1 which is 0.042 for a kinematic viscosity of 0.07 St) nevertheless, the calculated Q values (equation 7) for the considered profile directions and wave types are far above 50 for all numerical examples presented in this paper.
Model
Additional attenuation can be caused by scattering of waves on cracks. According to Hudson (1990) , however, "for crack radii and crack spacing small compared with the wavelength," which is the case considered in this paper, "the effective material parameters contain no attenuation component arising from scattering (only higher order terms account for attenuation due to scattering)." Therefore, attenuation due to scattering is not considered in this paper.
Three-component receivers are located in the vertical borehole in the depth range from 0.5 to 2.0 km with 50-m spacing. The receivers are oriented as follows: the vertical component is positive upward, the radial component is oriented along the line connecting the source and the mouth of the borehole, positive away from the source, and the transverse component is oriented so that the system is right-handed.
Single force point sources of unit strength are located at the free surface (the effects of the free surface at the source are not considered). Three different orientations of single forces are used: vertical force pointing downward, radial force along the line connecting the source and the mouth of the borehole, pointing towards the borehole, and transverse force perpendicular to the previous two forces and oriented so that all three forces form a right-handed system. As a source time function, the Gaussian envelope signal (Cerveny et al., 1977) with a prevailing frequency of 50 Hz and y = 4 is used. No phase or time shift is applied, so that the signal is cosine shaped and its arrival time corresponds to the maximum amplitude of the envelope of the signal (zero phase wavelet).
All direct waves and all primary reflected unconverted waves are considered. We consider as converted only those waves which transform at an interface from compressional (quasi-compressional) to shear (quasi-shear) waves or viceversa (the transformation from one q.S-wave to the other is not considered a conversion). The waves propagating only in isotropic layers are denoted by P or S, the waves propagating, at least partially, in the anisotropic layer are denoted by qP, qS 1, and qS2 (qS 1 corresponds to the faster propagating quasi-shear wave, qS2 corresponds to the slower propagating quasi-shear wave). Direct waves are denoted by a subscript d. The integer subscript in the name of the wave indicates the number of the interface where the wave is reflected. In this way, for example, qS23 denotes the slower quasi-shear wave reflected at the interface 3. Figure 7) , which is almost a symmetry plane (but note that cracks dip by 70 degrees), such twisting is not observed.
DISCUSSION
The interest in the effects of attenuation on seismic wave propagation in anisotropic media will increase, mainly in connection with crack-induced anisotropy. Because of its directional dependence, attenuation in anisotropic media represents a valuable additional constraint to construct the model of the investigated structure.
To incorporate attenuation effects into ray computations, we used the so-called weak attenuation concept. This approach allows us to use real rays instead of complex rays, which should be used in attenuating structures. On the other hand, the approach is approximate and it is supposed to work well only for sufficiently large values of quality factor. The quality factor in an anisotropic attenuating model is quantity, which generally depends on the orientation of the wave normal and on the polarization of the considered wave (see equation 7). Due to this, different waves are affected in a different way. For example, in the presented results, the slower propagating reflected quasi shear-wave was more affected than the faster one. This effect is called differential attenuation. Attenuation anisotropy could be also used as an additional parameter to the velocity anisotropy in the repeated experiments monitoring changes in the crack aspect ratio (Douma and Crampin, 1990) , as the attenuation of partially liquid saturated aligned cracks depends on the crack aspect ratio.
The material of the pore space as well as the degree of saturation and the shape of the pores have an effect on the attenuation of the medium. Changes in these parameters result in an alteration of the attenuating behavior of the medium. Crampin (1989) suggests using these effects to monitor changes of the saturation and the viscosity of the pore space material during the production of an oil field by comparable with that considered in this paper. For signals with prevailing frequency of about 33 Hz, the comparison has shown that the concept is applicable to media with quality factor as low as Q = 50; i.e., it is applicable even for models of attenuating sediments. In terms of imaginary parts of group velocity this means that the imaginary parts should be 100 times less than the real parts or smaller. This criterion can be simply incorporated into the program and checked during the computations.
In the examples considered, the weak attenuation concept allowed the computations to be performed on the CONVEX Cl computer practically as fast as for perfectly elastic anisotropic media. About 5 percent more CPU time was needed for noncausal absorption computations [see discussion after equations (9) and (lo)] and about 10 percent more CPU time for causal absorption compared with the computations for the perfectly elastic case. The computation speed for anisotropic media with causal absorption can be increased by linearization of equation (9) We believe that the results of this paper also show the importance of recording vector wavefields to investigate the earth' s crust, especially its anisotropy. The energy distribution into different components, i.e., the orientation of polarization vectors, which can only be derived from the complete vector wavefield, yield important constraints on the form of the model.
